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SUMMARY 
The objective of tests conducted for NASA Lewis Research Center 
was to determine whether a specified design of air-lubricated spiral- 
groove thrust bearing could withstand 15,OOLl start-stop cycles. The 
tests also compared the performance of two surface coatings applied 
to the thrust bearings. 
Four bearing sets were tested. All measured approximately 146 
m n  active outside diameter and 79 nrm inside diameter, and were manufac- 
tured of titanium (6A1-4V). The start-stop cycle was 15 seconds on 
at 3600 rpm, 30 seconds off. Power was applied to the precision motorized 
spindle mounting the thrust runner. Two thrust loads (A) 44N (10 lb), 
and (B) 156N (35 lb) were used. Test 1 ( A )  and 1(B) utilized lapped 
chrome oxide (Cr 0 ) coatings applied to both bearing and runner. Test 2 3 2(A) and 2(B) also used the lapped chrome oxide, with an additional 
.005 m thick coating of metal matrix bonded molybdenum disulfide (MoS2). 
Test 1A (Cr 0 ) failed (by surface welding) after 2030 cycles. Test 
2A (Cr 0 + MOS~? zuccessfully completed 15,000 cycles without failure. 
The adidion of the MoS coating to thrust bearing resulted in significantly 2 lower starting and stopping friction. 
Test 1B (Cr203) 156;i thrust load was stopped at 35 cycles after 
severe welding occurred. Test 2B (Cr 0 + MoS ) failed after one cycle. 2 Both failures were due to insufficienG 2hickness of operating film at 
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1. INTRODUCTION 
1.1 GENERAL OBJECTIVES 
The a p p l i c a t i o n  of gas-lubricated bear ings  t o  sma l l  turboshaf t  
engines has ind ica ted  d e f i n i t e  promise* . To f u r t h e r  quant i fy  
f e a s i b i l i t y  of gas bearings,  NASAlLewis Research Center cont rac ted  FIRL 
(Contract NAS 3-17856) t o  conduct s t a r t - s t o p  t e s t s  of a i r - lub r i ca ted  
spiral-groove t h r u s t  bear ings  designed f o r  t h e  small- turboshaft  appl i -  
ca t ion .  The o b j e c t i v e  w a s  t o  determine whether t h e  bear ings  could 
survive  15,000 s t a r t - s t o p  cyc les .  The spiral-groove geometry and the  
bearing and runner m a t e r i a l s  were s p e c i f i e d  by KASA/Lewis. 
1.2 BEARING GEOMETRY AND MATERIALS 
The geometry of the  inward-pumping spiral-groove t h r u s t  bearings is 
shown i n  Figure 1-1. Bearing dimensions a r e  as fol lows:  
Outside diameter 145.80 + .25 m 
- 
(5.74 + - . O 1  inch) 
Ins ide  diameter 78.74 + .25 m 
- 
(3.10 + - . O 1  inch) 
No. of s p i r a l  grooves 1 5  
Groove angle  162' + .5" 
- 
Groove r a d i a l  ex ten t  15.50 + .25 nun 
- 
(0.61 + - . O 1  inch)  
Groove depth 0.0305 + .0050 mm 
- 
(0.0012 + - .0002 i nch )  
Groove width r a t i o  
roove width 
(groote + land width 1 
Five sample bear ings  manufactured t o  conform wi th  the  geometry shown 
i n  Figure 1-1. Four were t e s t e d .  The s p i r a l  groove geometry was deposited 
on stress re l i eved  t i tan ium (6A1-4V) us ing  a porous chrome-oxide coat ing.  
* USAAMRDL Technical Report 71-59 
Figure 1 - 1 .  Spiral  Groove Thrust Bearing Geometry 
The runner material  was a l so  titanium (6A1-4V). Two chrome-oxide coated 
bearings were addit ionally coated with a metal matrix bonded molybdenum 
disulf ide (MoS ) lubricant approximately .005 nrm (0.0002 in )  i n  thickness. 2 
1 . 3 ,  TESTING 
The specified t e s t  procedure was as  follows: 
a. Photograph and take surface f i n i sh  t e s t  on each bearing specimen 
before t e s t .  
b. Run 15,000 s tar t -s top cycles (or u n t i l  fa i lu re ) .  Tests t o  be 
conducted as  follows: 
1. Cr203 coated bearing, 44N (10 lbf)  load 
2 .  Cr203 coated bearing, 156N (35 lb f )  load 
3. Cr203 and MoS2 coated bearing 44N (10 lbf )  load 
4 .  C r  0 snd MoS coated bearing 156N (35 l b f )  load 
2 3 2 
Cycle time - 15 seconds on, 30 seconds off f o r  a t o t a l  of 45 
seconds' 
Cycles stop a t  1000 cycle in te rva ls  fo r  photographs and surface 
f i n i s h  measurements. Inspection of the surface for  signs of wear. 
Record surface deter iorat ion with photographs when deemed neces- 
sary. 
c.  Make f i n a l  examination of completion of t es t ing .  
With the load applied the speed was varied from 0 t o  3600 rpm over 
each start-up and shut-down cycle. Bearing f a i l u re  was definea a s  a 
seizure  o r  i nab i l i t y  t o  generate a hydrodynamic f i lm a t  the maximum t e s t  
speed of 3600 rpm. 
2. RESULTS AND CONCLUSIONS 
Two t e s t  s e r i e s  were performed. The f i r s t  t e s t  s e r i e s  (1A and 1B) 
u t i l i zed  chrome oxide coated bearings, and the second t e s t  se r ies  (2A 
and 2B) u t i l i zed  chrome oxide + molybdenum disu l f ide  coated bearings. 
The f i r s t  t e s t  (lA), using a lapped chrome oxide cpated thrust  bearing, 
completed 2030 s tar t -s top cycles (15 sec.on, 30 sec.off)  with a k4N 
(10 l b f )  th rus t  load before the bearing seized. (Failure i s  defined 
a s  a seizure  o r  i nab i l i t y  t o  generate a hydrodynamic fi lm a t  t e s t  speed 
of 3600 rpm.) A wear pattern with a depth of .0013 mm (.000050 in )  
was measured j u s t  before f a i l u r e  occurred. A second 44N (10 lb f )  
th rus t  foad t e s t  (2A) was accomplished, using a s imilar ly  coated s p i r a l  
groove bearing, but with an addi t ional  .005 mm (.0002 in )  layer of 
metal matrix bonded molybdenum disu l f ide  lubricant (Hohman Surf-Kote M- 
1284). This surface coating has a surface qual i ty  and appearance in- 
consistent with the usual exacting a i r  bearing accuracy and f in i sh  speci- 
f icat ions .  Nevertheless 15,000 s tar t -s top cycles were completed using 
the 44N (10 l b f )  thrust  load with no marked change i n  the f in i sh  or  
appearance of the  coating, except for  a few burnished areas.  
A 156N (35 l b f )  thrust  load s tar t -s top t e s t  ( 1 ~ )  using a chrome 
oxide coated bearing fa i led  a t  35 cycles. The maximum running speed of 
3600 rpm gave a bearing clearance of l e s s  than .0038 mm (.00015 in)  (com- 
pared t o  a ,0064 mm (.00025 in)  to  .0076 mm (.0003 in )  for  the 44N 
(10 l b f )  t e s t s ) .  Excessive temperature r i s e  (greater than 50K (90°F)) 
i n  the ungrooved inner diameter of the bearing expanded the material 
loca l ly ,  causing the surfaces t o  rub. Then, generation of coating debris 
a t  the contact area  separated the bearing and thrust  runner by .025 mm 
(.OD1 in)  before automatic shut off occurred. A s imilar  t e s t  (ZB), using 
a thrust  bearing with the Surf-Kote coating fa i led  a f t e r  30 seconds of 
running time. In both cases (1B and 2B), f a i l u r e  was due to  the bearings' 
i n a b i l i t y  t o  genera te  s u f f i c i e n t  running c learance  a t  3600 rpm (under s 
t he  156N (35 l b f )  load) t o  maintain low opera t ing  temperatures. 
Local overheat ing caused con tac t  of t h e  bear ing  su r faces  and subsequent 
f a i l u r e .  The f a c t  t h a t  t he  bear ing  i n  test 2B (MoS2 coated)  f a i l e d  a t  / 
one cycle,  r a t h e r  than t h e  35 cyc les  of 1 B  i s  probably due t o  t h e  l a c k  
of f l a t n e s s  i n  t h e  MoS coat ing .  2 
A summary of t h e  r e s u l t s  of t h e  four  s t a r t - s t o p  te_sts conducted on 
the  a i r  t h r u s t  bearings is shown i n  Table 2-1. Figure 2-1 shows t h e  
running clearance,  with s t a r t i n g  and stopping torques f o r  a chrome-oxide 
bearing with a 4 4 ~  (10 l b f )  t h r u s t  loading,  Bearing # 5 ,  Test  1 A .  
Figure 2-2 shows the  running c learance ,  wi th  s t a r t i n g  and stopping to rques  
f o r  a MoS2 coated bearing with 44N (10 l b f )  t h r u s t  loading,  Bearing //I, 
Test  2A. 
Comparing t h e  r e s u l t s ,  t h e  fol lowing conclusions can be drawn: 
1. The metal matrix-bonded molybdenum d i s u l f i d e  coated bearing 
has lower s t a r t i n g  and stopping torques  f o r  t h e  44N (10 l b f )  
load. The bearing can s u s t a i n  15,000 s t a r t - s t o p  cycles .  
2. With a 156N (35 l b f )  load,  the  bear ing  design has i n s u f f i c i e n t  
running c learance  a t  3600 rpm. A higher  rpm must be used i n  
order  t o  ob ta in  a c l ea rance  s u f f i c i e n t  t o  prevent l o c a l  over- 
hea t ing ,  and rubbing con tac t  of t h e  bear ing  surfaces .  
3. I n s u f f i c i e n t  d a t a  was obtained t o  p r e d i c t  whether the  molybdenum 
d i s u l f i d e  coa t ing  would be  s u p e r i o r  a t  t h e  higher  u n i t  loadings .  
4. I n  a t h r u s t  bear ing  of t h i s  s i z e ,  running c learances  under 
.005 mm (.0002 i n )  a r e  no t  recommended, s ince  overheat ing 
and o t h e r  f a i l u r e  modes can e a s i l y  occur. Runouts of t h e  t h r u s t  
runner less than .0025 mm (.0001 i n )  can be a t t a i n e d  only with 
c a r e f u l  adjustment and/or hand f i t t i n g .  
Table 2 -1 .  Summary of S t a r t -S top  Tests 
( I )  A t  3600 RPM 
(2) A f t e r  I hour runn ing  t ime 
( 3 )  Before automat ic  s h u t o f f  occur red  
( 4 )  No f a i l u r e  
( 5 )  Before f a i  l u r e  occur red  
( 6 )  A f t e r  f a i l u r e  occurred 
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Bear ing  
Set Number 
Cr203 [' Coated 3 
+ 
Coat ing ,OS2 [ '  2 
Running Clearance ,006- .0076 mm (.00025 
to  0.0003 i n )  
F igure  2-1. Tes t  l A ,  Bear ing No. 5, Running Clearance vs. Time, Chart  
Records WTth S t a r t i n s  and Stopping Torques, 44N (10 l b f )  
Load, Cr2.03 Coat ing Only. 
+ I n c r e a s i n g  
Torque 
40 Time 
f Start ing Torque 
T .34- .45N-m (3-4 
a stopprng 
i n -  1.b) 
Runn i ' n g  Clearance 
Toque 
.0076mm ( .0003 i n )  
F i g u r e  2-2.  T e s t  2A, Bear ing  No. 1 ,  Running ~ l ' e a r a n c e  v5. 
Tlrne, Char t  Records W i t h  S t a r t i n g  and S topp ing  
Torques, 4411 (10 l b f )  Load, C r 2  O3 + MoS2 
Coa t ing  
3. RECOMMENDATIONS 
1. Test  a molybdenum d i s u l f i d e  coated bear ing  a t  a more compatible 
load-speed cond i t ion  than  t h e  156N (35 l b f )  3600 rpm pre- 
v ious ly  s p e c i f i e d ,  s i n c e  t h i s  is beyond t h e  c a p a b i l i t y  of t h e  
spiral-groove bear ing  design. Since i n  t h e  a c t u a l  turbomachme, 
speeds i n  excess  of  3600 rpm w i l l  occur,  t h e  most l o g i c a l  
approach i s  t o  i n c r e a s e  opera t ing  speed. 
2. This  type of  t h r u s t  bear ing  ( s p i r a l  groove) does not  d i s p l a y  
good moment loading  c h a r a c t e r i s t i c s .  Local deformation and 
misalignments, whether b u i l t  i n  i n i t i a l l y , .  o r  caused by tem- 
pe ra tu re  g r a d i e n t s  o r  stress r e l i e v i n g ,  a r e  l i k e l y  t o  cause 
e a r l y  f a i l u r e s .  Two approaches t o  t h e  problem a r e  suggested:  
a .  A r e v i s i o n  of  t h e  present  des ign  t o  a des ign  such a s  shown 
i n  Figure 3-1. F i r s t  an undercut a r e a  is provided t o  permit 
f r e e  flow of inward pumped a i r .  Next "donor" a r e a s  a r e  
coated wi th  molybdenum d i s u l f i d e  t o  a h e i g h t  of about  213 
of  t h e  normal ope ra t ing  f i lm.  Care must be  taken s o  a s  
not  t o  permit runout of t h e  bearing O.D. t o  exceed t h i s  
coa t ing  he igh t .  Also overheat ing must a l s o  be avoided 
i n  t h e  a reas .  The idea  is t o  provide a wear su r face  which 
can slowly abrade  away without  a f f e c t i n g  t h e  bear ing  charac- 
t e r i s t i c  geometry. 
b.  A r e s i l i e n t l y  mounted carbon-shoe t i l t i n g  pad bear ing  l i k e  
t h a t  shown i n  Figure 3-2 can s u s t a i n  g r e a t e r  t h r u s t  loading  
and misalignment than conventional  spiral-groove t h r u s t  
bearings.  
3 .  FIRL has  long advocated t i l t i n g  pad bear ings  wi th  inhe ren t  s e l f -  
a l i g n i n g  and cool ing  c a p a b i l i t i e s ,  as be ing  much more adaptable  
t o  turbomachinery a p p l i c a t i o n s .  Over r e c e n t  yea r s  we have been 
developing compliant mounted bear ings  wi th  ve ry  encouraging 
r e s u l t s .  F igure  3-2 shows t h e  compliant mounted t h r u s t  bear ing  
conf igura t ion .  The pads a r e  supported by a compliant elastomer 
t h a t  permi ts  p i t c h  and r o l l  of  t h e  pads, and through t h e  l o c a l  
a x i a l  compliance of t h e  elastomer a l s o  provides load  equal iza-  
t i o n  on t h e  va r ious  pads. 
BIRL has accomplished s t a r t - s t o p  t e s t i n g  wi th  48 kilonewtons per  
square meter ( 7  p s i )  u n i t  loading on a t i l t - p a d  compliant mounted 
t h r u s t  bear ing  with n e g l i g i b l e  wear. The s p i r a l  groove bear ing  
discussed i n  t h i s  r e p o r t  could not  accep t  14 kilonewtons per 
square meter (2 p s i )  u n i t  loading.  
U' CUT 
Figure 3-1. S p i r a l  Groove Thrus t  Bear- 
i n g  With Donor Wear Areas 
Figure 3-2. Compliant-Mounted Pad Type Thrust Bearing 
Installed in Test Rotor Assenbly 
If conventional elastomers are employed then ambient temperature 
would be limited to 422K (300°F). With advanced elastomeric 
materials and/or composites, the useful range could be extended 
to 589K (600°F) or 644K (700°F). It is recommended that a 
compliant mounted thrust bearing be designed, manufactured and 
qested for this application. 
4. BEARING MANUFACTURE 
Figure 4-1 shows t h e  dimensions of the  s t a t i o n a r y  member ( s p i r a l  
groove bearing)  and t h e  t h r u s t  runner .  Both members were manufactured 
from 20.6 mm (.81 i n )  t h i c k  t i t an ium (6A1-4V). Af t e r  rough machining, 
t h e  t i t an ium was stress r e l i e v e d  by hea t ing  t o  810K ( 1 0 0 0 ~ ~ )  f o r  f o u r  
hours ,  then a i r  cooled. It was decided t h a t  a n  aluminum spray mask 
(Figure 4-2) would be  used t o  o b t a i n  t h e  necessary coa t ing  of porous 
chrome oxide between t h e  grooves. The faces  of t h e  t i t an ium were c a r e f u l l y  
ground f l a t ,  s i n c e  concavi ty  i n  t h e  bearing face would preclude t h e  possi-  
b i l i t y  of maintaining t h e  groove depth t o  t h e  to l e rance  des i red .  
The spray  coa t ing  of  porous chrome oxide was app l i ed  by Hohman 
P la t ing ,  Dayton, Ohio. As rece ived  from Hohman, t h e  t i t an ium p l a t e s  
proved t o  have been s l i g h t l y  warped by the  coa t ing  process.  The warpage 
amounted t o  .005 rmn (.0002 i n ) .  Such deformation, whi le  o r d i n a r i l y  
considered small, had t o  be  co r rec t ed  because i t  was t h e  same o rde r  of  
magnitude as t h e  ope ra t ing  c l ea rance  under t h e  high-load condi t ion .  The 
backs of t h e  t i t an ium bea r ings  and runners  weremachine lapped f l a t ,  
and t h e  chrome oxide f a c e s  were then diamond ground and lapped by S t e i n  
Sea l  of  Phi lade lphia .  Measurement of  t h e  su r face  f i n i s h  and groove 
depth of bear ings  was accomplished by FIRL us ing  a Gould Surfanalyzer .  
The des i r ed  su r face  f i n i s h  of  0.25 micrometers (10u inches)  AA was 
obtained.  The average groove depth was wi th in  to l e rance ,  although i t  
was poss ib l e  t o  f i n d  some a r e a s  wi th  s l i g h t l y  deeper grooves. Such a con- 
d i t i o n  i s  d i f f i c u l t  t o  c o r r e c t ,  s i n c e  some warping of the  t i tan ium is i n e v i t -  
a b l e ,  and the  groove roughness (caused by the  su r face  prepara t ion  used to  
promote adhesion) has  undula t ions  on the  order  of .005 mm (.0002 i n . )  
(1) AA is a r i t h m e t i c  average obtained by drawing a c e n t e r  l i n e  t h r u  
t h e  su r face  p r o f i l e ,  t hen  averaging weights of  peaks and v a l l e y s  
t o  both s i d e s  of  c e n t e r  l i n e .  B r i t i s h  use CJA (Center l i n e  
average) ,  perhaps a more d e s c r i p t i v e  term f o r  t h e  i d e n t i c a l  
measurement system. 
4-1 
NOTES: 1. Stress  Relieve Rough Machined Blank 4 Hours (P 810K (lOOO°F), Air Cool 
Figure 4-1. Bearing and Runner Dimensions, (a)  Bearing 
NOTES: 1. Stress Relieve Rough Machined Blank 4 Hours @ 810K (100OoF), Air cool 
Figure 4-1. Bearing and Runner Dimensions (Cont'd), (b )  ~unne; 
Figure 4-2. Spray Mask and Holding Fixture, in Position 
on Thrust Bearing, Ready for  Coating 
4-4 
Two s e t s  of t h e  chrome oxide coated and lapped bear ings  were then 
coated by Hohman P l a t i n g  wi th  Surf Kote H-1284, a metal  mat r ix  bonded 
molybdenum d i s u l f i d e  l u b r i c a n t .  The coated bear ings  were inspec ted  by 
FIRL. The su r face  f i n i s h  was 2.5-3.8 micrometers (100-150u inches)  AA, and 
t h e  coa t ing  th ickness  va r i ed .  It w a s  perhaps .0076 mm (.003) t h i c k e r  a t  
t h e  O.D. than a t  t h e  I.D. The coa t ing  was very c a r e f u l l y  ground f l a t  t o  
wi th in  .0013 mm (.00005 in )  and t h e  depos i t s  i n  t h e  grooves scraped c lean .  
Surface f i n i s h  was aga in  taken,  averaging 1.3-2.5 micrometers (50-100u i n )  
Ah. Finished groove depth was not  measured, s i n c e  su r face  roughness of both 
t h e  MoS coa t ing  and t h e  bottom of t h e  grooves precludes accura t e  readings.  2 
For groove depth be fo re  MoS coa t ing  was appl ied ,  s e e  appropr i a t e  c h a r t  2 
f o r  bear ing  s e t ,  Figures 7-20 and 7-28. 
5. DESCRIPTION OF BEARING TESTING MACHINE AND TEST ARBOR 
The bear ing  t e s t e r  F igure  5-1 and Figure  5-2 is  a Bridgeport  m i l l i n g  
machine base  on which is mounted a d i r e c t  d r i v e  5 hp supe rp rec i s ion  s p i n d l e  
manufactured by Whitnon. The No. 40 N.M.T. t a p e r  nose w a s  p r e c i s i o n  
ground on i t s  own bear ings  t o  o b t a i n  a runout of less than  .0025 mm 
(.0001 i n )  F . I .R .  The t e s t  t h r u s t  runners  were mounted on an u l t r a -p rec i s ion  
arbor  (Figure 5-3) f i t t e d  t o  the  s p i n d l e  nose. The runner was clamped 
t o  t h e  f a c e  of t h e  a rbor  us ing  fou r  5/16-18 socket  head cap screws. Tightening 
of t h e  cap screws was performed whi le  monitoring t h e  runout with a n  
e l e c t r o n i c  d i a l  i n d i c a t o r .  Runouts of .0013 mm ( 5 0 ~  i n )  F.I.R. were 
ob ta inab le ,  but  only  with g r e a t  care.  
The t h r u s t  bear ing  is mounted t o  a subp la t e  which i n  t u r n  is a t t ached  
t o  t h e  a i r  bear ing  load c e l l  with e l a s t i c  h inges  t o  permit  p r e c i s e  a l ign-  
ment. The combination loading  device and t h r u s t  torque  t ransducer  is 
se l f - a l ign ing ,  and i t s  mass and damping c h a r a c t e r i s t i c s  prevent  t h e  
occurrence of resonances. Alignment of t h e  t h r u s t  bear ing  t o  t h e  s p i n d l e  
r o t a t i o n  w a s  a l s o  ad jus t ed  t o  .0013 mm ( 5 0 ~  i n )  F.I.R. 
Three capaci tance  probes were used t o  o b t a i n  t h e  a i r  t h r u s t  bear ing  
ope ra t ing  c learance .  They were loca ted  o u t s i d e  of t h e  a c t i v e  bear ing  
diameter.  Two thermocouples, one loca ted  near  t h e  en t rance  t o  t h e  bear ing  
O.D. and t h e  o the r  pos i t i oned  t o  o b t a i n  t h e  a i r  e x i t  temperature were 
used. A s t r a i n  gage torque  arm gave s t a r t i n g  and stopping torques  and 
pe r tu rba t ions .  Automatic recording  of t h e  d a t a  was accomplished on a 
6-channel Brush recorder  and a Honeywell temperature recorder .  
An automatic c o n t r o l  system turned on t h e  motorized sp ind le  which 
obtained t h e  maximum speed of 3600 rpm i n  less than one second. Running 
time was 15 seconds, t hen  power t o  t h e  sp ind le  was removed and dynamic 
braking appl ied  t o  s t o p  t h e  sp ind le  r o t a t i o n  completely i n  25 t o  28 
seconds. A t  t h e  end of t h e  45 second cycle ,  power t o  t h e  motor is again  











Figure 5-2. Test  Rig Schematic 
F .  750 ola. 
AM,  rim. nivce csoo i h i / ~ r ,  
NO. 40 MLL r,!*l:y -?P< 
m 
F i g u r e  5-3. B e a r i n g  T h r u s t  Runne r  Arbor 
restored for the next 15 second "on" cycle. Dynamic braking is applied 
at 16 seconds of the test cycle, just after the motor power is removed. 
Approximately 4.5 amperes DC is applied to one o f  the motor windings, 
giving the motor a retarding torque sufficient to stop the spindle with- 
in the 30 second off period. Automatic cycling to 1000 start-stop cycles, 
with two minute records at 15 minute intervals was accomplished. A 
sustained starting torque of approxlmately 10 times that normally recorded 
turned off all power and stopped the test. 
It should be noted that accurate simulation of all conditions as 
encountered by the thrust bearing when used in the actual rotating machi- 
nery is very difficult. Time to lift off in the simulator (less than 1 
second) is a function of the thrust bearing breakaway torque, motor bearing 
friction, system inertia, and the motor starting torque. After motor 
running torque is removed (at t + 15 seconds), time to touch down is a 
function of the thrust bearing torque (negligible before touch down), 
motor bearing friction (minimal) and the retarding torque applied by 
dynamic braking. Wear is a function of the time of contact only. The 
time of contact is substantially less than one second at start up, and 
approximately 4 to 5 seconds from touchdown to complete stop. 
6. DETAILED TEST PROCEDURE 
The fol lowing procedure f o r  t e s t i n g  was followed: 
a .  Take average of t h r e e  traverses a c r o s s  bear ing  and runner su r faces  
wi th  Gould Surfanalyzer  t o  o b t a i n  s u r f a c e  f i n i s h  of su r face .  
b. Take average of' t h r e e  t r a v e r s e s  perpendicular  t o  bearing grooves 
t o  o b t a i n  groove depth. 
c .  Clean and degrease s u r f a c e s  of bea r ing  and runner with so lven t  
( t r i ch lo roe thy lene ) .  
d. Mount t h r u s t  bear ing  on subp la t e .  Adjust alignment of bear ing  
t o  s p i n d l e  r o t a t i o n  by t i g h t e n i n g  e l a s t i c  hinges.  (Small per- 
t u r b a t i o n s  a r e  se l f -a l igning . )  
e. Mount t h r u s t  runner on s p i n d l e  nose arbor .  Successively t i g h t e n  
mounting b o l t s  on a rbor  t o  a d j u s t  F.I.R. of t h r u s t  runner .0013 nun 
(50uin) .  
f .  Check c a l i b r a t i o n  of  t h r u s t  load  c e l l  at  load des i r ed  before  
s t a r t i n g  test. C a l i b r a t e  to rque  system. 
g. Warm up Brush 6-channel r eco rde r .  Turn on temperature recorder .  
h. Again degrease bear ing  su r faces .  
i. Adjust t h r u s t  on bear ing  t o  load  des i r ed .  
I j. Take zero reading on t h r e e  capac i t ance  d i s t a n c e  probes. Adjust 
b i a s  on Brush recorder  s o  t h a t  output  r eads  zero  d i s t ance  on 
bear ing  c learance  channels .  S e t  t o rque  channel t o  read  zero 
when bear ing  is s t a t i o n a r y .  
k. S t a r t  automatic  ope ra t ion  of t e s t  machine. Spindle motor power 
t o  b e  on 15 seconds, 30 seconds o f f .  Adjust c o a s t  down time 
( t o  complete s top )  t o  25 t o  29 seconds by vary ing  dynamic braking 
c u r r e n t  appl ied.  
1. After  1000 cyc le s  a r e  completed, v i s u a l l y  check bearing and 
runner f o r  wear. When requi red  remove test samples, photo- 
graph and su r face  f i n i s h  t e s t .  
m. Remount specimens and r epea t  procedure u n t i l  15,000 cycles  o r  
f a i l u r e  occurs.  
- 
7. PHOTOGRAPHIC AND INSPECTION RECORDS OF THE TEST PARTS 
7.1 CHROME OXIDE COATED BEARING - 4 4 N  ( 1 0  l b f )  LOAD (BEARING SET#5) ,  
TEST 1A  
Figure  7-1 Surface F in i sh ,  Thrust  Runner i!5 (New) 
7-2 Surface F in i sh ,  Thrust  Bearing #5 (New) 
7-3 Groove Depth, Thrust  Bearing 115 
7-4 Bearing No. 5, Surface  Contour, 1000 Cycles, 44N (10 l b f )  
7-5 Bearing No. 5,  Surface Contour, 2000 Cycles,  4 4 ~  (10 l b f )  
, 7-6 Bearing No. 5,  Surface  Contour, 2030 Cycles,  44N (10 l b f ) ,  
F a i l u r e  
7-7 Thrust Bearing No. 5 ,  F a i l u r e  a t  2030 Cycles 
7-8 Thrust  Runner No. 5,  F a i l u r e  a t  2030Cycles  
7-9 A Microphoto of Bearing No. 5 ,  Virgin Surface,  250X 
B Microphoto of Bearing No. 5 a t  F a i l u r e ,  250 X 
7 . 2  CHROME OXIDE COATED BEARING - 1 5 6 N  (35 l b f )  LOAD (BEARING SET # 3 ) .  
TEST 1B 
Figure 7-10 'Surface F in i sh ,  Thrust  Runner 03 (New) 
7-11 Surface F i n i s h ,  Thrust  Bearing i/3 (New) 
7-12 Groove Depth, Thrust  Bearing i!3 
7-13 Bearing No. 3 ,  Surface  Contour, 35 Cycles,  156N (35 l b f ) ,  
F a i l u r e  
7-14 Thrust Runner #3, Surface  Contour, 35 Cycles,  156N (35 l b f ) ,  
F a i l u r e  
7-15 Thrust Bearing No. 3, 156N (35 l b f )  Load Fa i lu re  a t  35 Cycles 
7-16 Thrust Runner No. 3, 156 (35 l b f )  Load Fa i lu re  a t  35 Cycles 
7-17 Por t ion  of Bearing Clearance vs. Torque Curves, Bearing 
Se t  No. 3 a t  35 Cycles, 156N (35 l b f ) ,  F a i l u r e  
7.3 CHROME OXIDE COATED BEARING WITH MOLYBDENUM D I S U L F I D E  COATING, 
44N  (10 l b f )  LOAD, BEARING SET NO. 1, TEST 2A  
Figure 7-18 Surface Fin ish ,  Thrust Runner #1 (New) before  MoS2 coat ing 
7-19 Surface F in i sh ,  Thrust Bearing 0 1  (New) before  MoS2 Coating 
7-20 Groove Depth, Thrust  Bearing # 1  be fo re  MoS2 Coating 
7-21 Surface Fin ish ,  Thrust Runner # l ,  a s  received a f t e r  MoS2 
Coating 
7-22 Surface  Fin ish ,  Thrust Runner #1, Af te r   rindi in^ MoS2 Coating 
t o  Required Coating Thickness. 
7-23 Thrust Bearing No. 1, Surface Contour a f t e r  15,000 Start-Stop 
Cycles 
7-24 Thrust Runner No. I, Surface Contour a f t e r  15,000 Start-Stop 
Cycles 
7-25 Thrust  Bearing No. 1, Showing Wear a f t e r  15,000 Start-Stop 
Cycles 
7-26 ,Thrust Runner No. 1, Showing Wear a f t e r  15,000 Start-Stop 
Cycles 
7.4 CHROME OXIDE COATED BEARING, WITH MOLYBDENUM D I S U L F I D E  COATING, 
1 5 6 N  (35 l b f )  LOAD, BEARING SET NO. 2, TEST 2 8  
Figure 7-27 Surface F in i sh ,  Thrust  Runner #2 (New) 
7-28 Surface,  F in i sh ,  Thrust Bearing //2 (New) 
7-29 Groove Depth, Thrust  Bearing #2 
7-30 Surface F in i sh ,  MoS2 Coating, Thrust Runner //2, a f t e r  Grinding 
t o  Required Coating Thickness 
7-31 Surface F in i sh ,  MoS Coating, Thrust Bearing #2, a f t e r  Grinding 2 t o  Required Coating Thickness 
7-32 Thrust  Bearing No. 2, Surface Contour a t  F a i l u r e ,  1 Cycle, 
1 5 6 ~  (35 l b f )  Load 
7-33 Thrust Runner No. 2 ,  Surface Contour a t  Fa i lu re ,  1 Cycle, 
156N (35 l b f )  Load.oad 
7-34 Thrust Bearing No. 2 ,  F a i l u r e  a t  1 Cycle, 156N ( l b f )  ~ o a d ,  
MoS2 Coated 
7-35 Thrust Runner No. 2 ,  Fa i lu re  aC 1 Cycle, 156N (35 l b f )  Load, 
MoS Coated 2 
Figure 7-1. Surface Finish Thrust Runner #5, (Mew) 
Figure  7-2. Surface F i n i s h  Thrus t  Bearing #5 (New) 
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